Abstract: Flow alignment in a large amplitude oscillatory shear field of lamellar AB and ABC block copolymers has been studied in bulk and in solution. Flow birefringence and 2D small-angle X-ray scattering were used to monitor the orientation. Qualitatively similar orientation behaviour was found for the diluted and the bulk AB block copolymer. While in AB diblock copolymers there is only one interface between the different blocks which may influence the orientation behaviour, in ABC triblock copolymers there are two interfaces within the macromolecule. It will be shown that the introduction of a third block leads to a quite different orientation behaviour in comparison to the AB system. In the lamellar diluted ABC system always the parallel orientation dominates, but it occurs in coexistence with the perpendicular and transverse orientations.
Introduction
Block copolymers form microphase-separated morphologies when they cross the disorder-order transition from the homogeneous melt [1, 2] . The number of possible morphologies depends on the number and relative amount of the different components, the degree of incompatibility between different pairs of segments as expressed by the Flory-Huggins-Staverman interaction parameter, the total degree of polymerisation and the topology of the macromolecules [3] . Furthermore, the relative stiffness of the different blocks may lead to conformational asymmetries influencing the stability ranges of different morphologies [4] . In the absence of external fields, the formed morphologies display a grain-like structure, where the neighbouring grains differ in the orientations of the morphology's symmetry axes. This leads to a statistical isotropy of intrinsic anisotropic structures on a macroscopic length scale. Thus an important question is how to macroscopically align such grains in order to obtain macroscopically anisotropic single-crystal-like structures. Different strategies have been reported so far. Most of the work in this field has been carried out using mechanical fields so far , but also eletcric fields [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] or thermal gradients around the order-disorder transition can be used for macroscopic alignment of block copolymer morphologies [49, 50] .
In this contribution the focus is on alignment induced by mechanical fields, namely large amplitude oscillatory shear (LAOS). Already in 1970, Keller et al. [51] [52] [53] reported a macroscopic orientation on cylindrical ABA block copolymers during extrusion. Several years later, Skoulios' group reported on the macroscopic alignment of a similar cylidrical triblock copolymer by backward and forward plane shear [54] . The same group also reported on the shear alignment of a lamellar polystyrene-block-polyisoprene diblock copolymer [55] . After these observations many other groups started experimental and theoretical work on the orientation of block copolymers by mechanical fields. The results have been summarized in several reviews [8, 14, [56] [57] [58] . Different mechanical alignment techniques have been compared by Thomas' group [28] .
Besides orientation of block copolymers also morphological defects induced by shear have attracted interest [21, 24, [59] [60] [61] . In the following, focus will be on works dealing with lamellar block copolymers.
Koppi et al. observed a parallel orientation of lamellar poly(ethylene-alt-propylene)-block-poly(ethylethylene) diblock copolymer at lower shear frequencies, while at higher frequencies a perpendicular orientation was found closely below the T ODT (ODT: order-disorder transition) [62] . Winey et al. found the reversed situation for a lamellar polystyrene-block-polyisoprene diblock copolymer [18, 19] .
Most of the later works on the alignment kinetics of lamellar diblock copolymers in the bulk state were done by the groups of Kornfield [11] [12] [13] [14] [15] [16] [17] and Wiesner [5, 7, 8, 10] . They examined the same block copolymer, namely a symmetrical polystyrene-blockpoly(1,4-isoprene) diblock copolymer with an overall molecular weight of 20 kg/mol in a LAOS field. Both groups used for their studies dynamic mechanical testing, small angle X-ray scattering and transmission electron microscopy. Furthermore, Kornfield's group measured the birefringence during alignment. In these studies it was found that the orientation is sensitive to rather small changes in shear frequency, shear amplitude and temperature close to the order-disorder transition. One of the parameters that is considered to be important for the alignment behaviour is the viscosity contrast between the two blocks. Burghardt's group investigated a symmetric polystyrene-block-polyisoprene diblock copolymer with a molecular weight of 80 kg/mol in the diluted state, i.e., 34 vol.-% block copolymer in dioctyl phthalate [63] . They found the same qualitative orientation behaviour as reported by the other groups for polystyrene-block-polyisoprene melts.
All these results can be summarized as follows (using in the following only the notations of Kornfield [14] ): at low frequencies (ω < ω d ) well below the transition frequency ω c ' between the rubber plateau and the terminal flow region of the block copolymer (when being in the disordered state), a parallel alignment of the lamellae is found for some systems (regime 4). Here the lamellae normals are parallel to the shear gradient (Fig. 1) . At shear frequencies ω d < ω < ω c ' a perpendicular orientation (the lamellae normals are parallel to the vorticity axis) is obtained (regime 1). At higher shear frequencies a parallel alignment of the lamellae occurs via a transient state. In regime 2 the transient state consists of coexisting parallel and perpendicular orientations at ω c ' < ω < 10ω c ', while in regime 3 at ω > ω c ' parallel and transverse orientations coexist in the transient state. The transverse orientation is characterised by an orientation of the lamellae normals parallel to the flow direction. While for unentangled diblock copolymers this transient orientation was only found for high shear frequencies and transformed into the parallel orientation [12, 16] , for entangled systems also indications of a transverse orientation as a transient state in regime 1 were found [6] . When first subjecting a sample to shear conditions of regime 4 and subsequently to shear conditions of regime 1, a parallel orientation transforms into a perpendicular orientation. However, if following the reversed sequence, a previously generated perpendicular orientation remains conserved [62] . Applying two frequencies of these two regimes simultaneously with similar amplitudes leads also to a perpendicular orientation [8] . Also the strain amplitude is an important parameter. Increasing the strain amplitude may lead to a flipping from parallel to perpendicular alignment, when running the experiment at a low frequency, i.e., the degree of nonlinearity together with the shear frequency are important.
A larger stability of the perpendicular orientation as compared to the parallel orientation was also predicted by different theoretical works [31, 32] for simple shear on smectics and diblock copolymers. These theories do not account for a transition from perpendicular to parallel alignment at higher frequencies or strains (from regime 1 to regimes 2 or 3).
The following interpretation of the orientation behaviour has been suggested [14] : at low frequencies in regime 4, where all blocks and fluctuations of the interface are relaxed, the parallel alignment is assigned to the interfacial forces. At larger frequencies in regime 1 the shear field can couple to fluctuations of the interface and destroys the parallel alignment. A perpendicular alignment of the lamellae is obtained, where the chain conformations are still relaxed. At high shear frequencies in regimes 2 and 3 the chains cannot relax within the timescale of the oscillations, and local motions of the components are considered to be responsible for the orientation behaviour. Following this suggestion the viscosity contrast between the two blocks leads again to a parallel alignment, where layers of the more viscous (harder) component may slide between layers of the less viscous (more liquid) component. The transient coexistence within a first, fast alignment process of parallel and perpendicular orientation (regime 2) or parallel and transverse orientation (regime 3) may be due to two factors: the deformation of the layers and the distortion of the block conformations. In a second, slow process the parallel alignment is enriched on the cost of the other orientations in regimes 2 and 3. Ren et al. found by computer simulation the transition from perpendicular to parallel orientation at higher shear rates also for a block copolymer without mechanical contrast between the blocks and explain this result by shear melting and lamellar reformation [64] .
It is the aim of this contribution to investigate a system comparable to the ones used in previous studies, where an additional block introduces an additional interface in the lamellar system. The systems are a lamellar poly(1,4-isoprene)-block-polystyrene (IS) diblock copolymer with a molecular weight of 20 kg/mol and a lamellar poly(1,4-isoprene)-block-polystyrene-block-poly(2-vinylpyridine) (ISV) triblock copolymer with a molecular weight of 22 kg/mol (Tab. 1). It was shown before that for this block sequence the length of the V-block does not influence the morphology in a large range of block lengths [65, 66] , i.e., the added short third block does not induce a non-lamellar morphology, when all components are microphase separated. Dynamic mechanical analysis (DMA), small angle X-ray scattering (SAXS), transmission electron microscopy (TEM) and in situ birefringence were used for characterisation.
Experimental part

Materials
The IS block copolymer precursor was synthesized via sequential living anionic polymerisation of purified isoprene and styrene in benzene at 40°C using sec-butyllithium as initiator. Half of the reaction solution was pumped into methanol to receive the IS block copolymer. The residual solution with the living chain ends were capped with 1,1-diphenylethylene in order to stabilize the active centres, before a large amount of dry tetrahydrofurane (THF) was added to the solution (THF/benzene = 1/1 v/v). After lowering the solution temperature to -60°C, 2-vinylpyridine was slowly added. After a reaction time of 1 h the solution was pumped into methanol. The molecular characterization of the polymers is given in Tab Apparent number-and weight-average molecular weights M n and M w of the IS diblock copolymer as well as the molecular weight distribution were determined by size exclusion chromatography on a Waters THF-GPC. For the ISV triblock copolymer a solution of 0.25% tetrabutylammonium bromide in THF as eluent was used. M n of the poly(1,4-isoprene) precursor was determined by membrane osmometry using a Gonotec Osmomat 090 at 35°C with toluene as solvent.
1 H NMR of the di-and triblock copolymers were recorded on a Bruker AC 250 in THF-d 8 with polymer concentrations less than 2 mg/ml. Undiluted samples of the block copolymers were prepared by compression moulding of the dried precipitated polymer powder at T > T g .
For the samples containing 30 wt.-% of bis(2-ethylhexyl) phthalate (dioctyl phthalate, DOP) the solvent was purified by neutralizing with 5% aqueous sodium bicarbonate, rinsing with distilled water, drying over calcium chloride, and vacuum distillation prior to use [67] . The solutions were prepared by using methylene chloride as a cosolvent. The cosolvent was stripped off in vacuum at room temperature. In the following, the samples containing 30 wt.-% DOP are named IS+DOP and ISV+DOP, respectively.
Dynamic mechanical analysis and alignment procedure
The alignment procedure was always performed in the same way. The compression moulded sample (thickness ≈ 1 mm) was loaded into an ARES (Rheometric Scientific) rheometer equipped with OAM II (Optical Analyser Module, Rheometric Scientific). For birefringence measurements parallel plate glass tools with a diameter of 38.1 mm were used. Parallel plate steel tools with a diameter of 25 mm were used for preparation of the SAXS samples. The sample was heated over the predetermined order-disorder-transition (ODT) temperature and kept at T ODT + 20°C for 20 min. During loading and measurements the sample chamber was purged with nitrogen. After cooling to the desired measurement temperature the sample was kept at this temperature also for 20 min (for equilibration) before starting the test. The temperature sweep tests and the frequency sweep tests were performed in the linear viscoelastic regime, determined by strain amplitude sweeps before.
Optical rheometry
For the birefringence measurements a laser beam (λ = 632.8 nm, OAM II) goes through the ARES chamber and the glass tools (close to the edge of the tools). The notation of shear direction, shear gradient and vorticity axis is given in Fig. 1 . The light propagation is along the velocity gradient direction (z-axis, 2), for measuring the projection of the refractive index tensor in the x-y plane. The x-y plane is formed by the flow direction (x-axis, 1) and the vorticity axis (y-axis, 3). So the 1,3-birefringence ∆n ≡ ∆n 13 (subscript refers to the axis definition) is measured in this geometry with ∆n 13 = n 11 -n 33 . Due to the dominating form contribution [68, 69] of the microphase separated IS diblock copolymer to the birefringence, this is a good tool for measuring the alignment process of the microdomains. Perpendicular orientation of the IS lamellae leads to positive values for ∆n 13 , transverse orientation leads to negative and parallel orientation to zero values for ∆n 13 [12] [13] [14] .
Small angle x-ray scattering (SAXS)
SAXS measurements were performed with a Bruker AXS Nanostar equipped with crossed Goebel-mirrors and a 2D Hi-star detector. The generator was operated at 40 kV and 40 mA. The sample-to-detector distance was approximately 65 cm. Samples were prepared by compression moulding or taken from LAOS experiments by quenching the rheometer tools with liquid nitrogen. The thickness of the samples was in the range of 0.5 -1.0 mm. All scattering patterns were normalized by thickness. The measurement time was 10000 s for each scattering pattern.
Results and discussion
Before describing the alignment behaviour, first the characterisation by SAXS and dynamic mechanical analysis in the linear viscoelastic regime is presented in order to characterise the starting conditions of each sample. The T ODT of the IS diblock copolymer was determined by DMA (temperature sweeps at different frequencies). It varied within a range of 1°C (135.7°C at ω = 1 rad/s; 136.7°C at ω = 10 rad/s; 136.5°C at ω = 100 rad/s). The T ODT of the ISV triblock copolymer is in the range of 160 -165°C, but in this case the sample shows some degradation as indicated by a change of colour. For this reason the prealignment created by sample loading could not be erased. To lower T ODT of the ISV triblock copolymer, 70 wt.-% DOP were used as a diluent. Also the IS diblock copolymer was diluted by DOP in order to allow a comparison of the alignment properties of both block copolymers. DOP is known to be a non-selective solvent for the PS-and PI-microphases and thus does not induce a morphological change of the lamellar IS diblock copolymer [67, 70, 71] . This was also confirmed by SAXS for the IS diblock copolymer of this study.
As for the diluted diblock copolymer, SAXS measurements also show for ISV+DOP a shrinkage of the long period of the lamellae in comparison to the undiluted ISV from 22.4 nm to 20.9 nm. This is due to a decrease of chain stretching as a consequence of the reduced repulsion between I, S and V segments in the presence of the common solvent. ISV+DOP shows in dynamic mechanical analysis at 100 rad/s an order-order transition (OOT) at 80°C and the ODT at 110°C, whereas IS+DOP shows its ODT at 55°C. The frequency dependence of the dynamic moduli for the ISV triblock copolymer is much more complicated than it is for IS diblock copolymer. The determination of characteristic frequencies separating different orientation regimes from a master curve of the complex viscosity [8, 12] was not possible in the systems presented here.
LAOS on the IS diblock copolymer
The shear alignment of the IS diblock copolymer shows the same strain, frequency and temperature dependence as reported by other groups (with the same loading procedure) [11] [12] [13] [14] [15] [16] [17] . This AB system exhibits at low strains, frequencies and temperatures only the build up of a perpendicular orientation (regime 1). At higher strains, frequencies and temperatures a 'flipping' to parallel alignment occurs via a perpendicular intermediate orientation (regime 2). Finally, in regime 3 a flipping to parallel alignment via a transverse orientation can be observed. As an example, in Fig. 2 some results of birefringence measurements in the regimes 1 and 2 are shown. The birefringence measurements were also appended by 2D-SAXS analysis to quantify the degree of orientation.
For all regimes (1 to 3) a two-step process was reported for the undiluted SI diblock copolymers [12, 15, 17] . In the initial ‚fast process' during formation of a dominating orientation, a strong strain amplitude dependence dominates the speed of alignment. At the later ‚slow process' of diminishing defects, the influence of the strain amplitude γ is much smaller. A highly non-linear effect of strain on the time scale of alignment development was found for all processes. In regime 1 the time scale decreases with γ . This was previously reported in several papers [12, 15, 17] . 
LAOS on the diluted IS diblock copolymer (IS+DOP)
The temperature dependence of the diluted and previously perpendicularly oriented IS diblock copolymer in DMA and rheooptics is shown in Fig. 3 . The birefringence clearly displays the T ODT at 55°C by a sharp drop to zero. Below and close to T g (≈ 45°C) the torque is too large for the instrument and so there is only a small temperature window for LAOS experiments. All alignment experiments of this polymer solution were done at 50°C and at frequencies of 0.1 and 1 rad/s. Higher frequencies lead to parallel orientation via a transverse orientation (regime 3), but the forces were close to the maximum allowed by the transducer and the glass tools. Thus higher strains could not be applied and these results are not further discussed.
At the lowest frequency of 0.1 rad/s only perpendicular orientation occurs (regime 1) at the chosen strain amplitudes between 40 and 100% and the rheooptical data of these experiments are shown in Fig. 4 . The higher the applied strain amplitude, the higher and faster the orientation process. So the diluted IS diblock copolymer behaves qualitatively similar to the undiluted diblock copolymer or the diluted diblock copolymer studied by Zyrd et al. [63] The corresponding mechanical data are not presented. Because of the usage of the plate-plate-geometry, an inhomogeneous shear field is applied to the polymer sample where orientation effects at several strain amplitudes from zero to the applied maximal strain contribute to the mechanical response of the sample. Thus a detailed kinetic analysis of the mechanical data is not possible. In general, a higher strain amplitude causes a faster and stronger decrease of the storage modulus. The γ -3 dependence of the orientation kinetics was also checked (Fig. 5 ) and confirms the results of Chen et al. [12, 15, 17] and Gupta et al. [12, 15, 17] on diblock copolymers in the bulk state. So there is no qualitative difference of the strain amplitude dependence between the undiluted and diluted system in regime 1. -Dependence of the rheooptical data of Fig. 4 At a frequency of 1 rad/s perpendicular orientation (regime 1) can be observed at strain amplitudes lower than 50%, and at higher strain amplitudes a 'flipping' to parallel via a perpendicular orientation occurs (regime 2). Increasing the strain amplitude also speeds up the alignment process. Fig. 6 shows the optical data in dependence on strain amplitude, and the corresponding DMA measurements show the typical decrease of the storage modulus with higher strain amplitude. We found also a good agreement with the γ -5 dependence for the fast process of the diblock copolymer in the bulk state [12, 15, 17] shown in Fig. 7 , but the behaviour of the slow process is much more complicated and cannot be described by a γ -3 dependence (Fig. 8) . Gupta et al. discussed this strain dependence also in dependence on the alignment temperature, but as mentioned before the temperature window was too narrow to perform temperature dependent LAOS. Therefore we cannot compare our kinetic results with the temperature dependence reported by Zyrd et al. [63] for a higher diluted lamellar SI diblock copolymer system, but the general behaviour is the same, i.e., at low frequencies perpendicular alignment and at high frequencies parallel alignment is obtained.
LAOS on the ISV triblock copolymer
As described in the introduction, the prealignment of the ISV triblock copolymer cannot be erased thermally and so it is not possible to collect reproducible kinetic data. However, LAOS can very well align ISV triblock copolymer and analysis of the orientation kinetics can be monitored by birefringence, also the orientation characterisation with 2D-SAXS and TEM is possible. One example of results obtained by 2D-SAXS and TEM of a perpendicularly aligned ISV at T = 120°C (which is below the OOT temperature where I and S become miscible), a frequency of 10 rad/s and a strain amplitude of 100% for 2 h is shown in Fig. 9 . 
LAOS on the diluted ISV triblock copolymer (ISV+DOP)
The alignment measurements of the diluted ISV triblock copolymer were performed at 60, 70 and 80°C, which is below or equal to the OOT temperature. The strain amplitude was varied from 20 to 100% and the frequency was varied from 0.1 to 10 rad/s. The torque at higher frequencies was too high for the force transducer. The results are presented and discussed in three parts corresponding to the three frequencies 0.1, 1 and 10 rad/s.
At the lowest frequency of 0.1 rad/s, the 1,3-birefringence ( Fig. 10 ) exhibits only positive values (corresponding to the build up of perpendicular orientation) like regime 1 of the diblock copolymer, and the higher the applied strain amplitude the faster and stronger the growth of this kind of alignment. After stopping the shear, the birefringence decays to a lower, positive value, i.e. the perpendicular orientation remains conserved. Very interesting is the 2D-SAXS analysis of the x-y and the x-z planes. In the x-y plane signals corresponding to perpendicular and transverse orientation can be found. The x-z plane gives information about parallel and transverse alignment. These coexisting orientations cannot be resolved by birefringence. In Fig. 11 the development of the intensity maxima of the first order reflection corresponding to parallel and perpendicular orientations are shown. In the case of the experiments at ω = 0.1 rad/s a quick increase of parallel orientation can be observed, which coexists with a slower increasing perpendicular orientation. This is quite different from the behaviour of the IS diblock copolymer with only one (perpendicular) orientation in regime 1. Coexisting parallel and perpendicular orientation was reported for SI diblock copolymer in bulk by Pinheiro et al. [60] after applying two sequential LAOS experiments with different parameters to their sample. From this result one may speculate that the orientational response to the introduction of an additional interface into the system by going from an AB to an ABC block copolymer at one given shear frequency and amplitude is similar to the orientational response of an AB diblock copolymer to two subsequent different shear protocols. Fig. 12 shows a γ -3 dependence for strain amplitudes above 60%. Thus the build up kinetics of perpendicular orientation under this condition seems not to be disturbed by the simultaneous building up of parallel orientation.
Alignment experiments at a frequency of 1 rad/s (Fig. 13) give no higher values of the birefringence (corresponding to a higher degree of perpendicular orientation) in comparison to the experiments carried out at 0.1 rad/s, but a faster alignment is observed. After stopping the shear, the birefringence decays a bit, but remains positive. Thus the orientation induced by shear is rather stable. The experiment with a strain amplitude of 100% shows after a maximum at 250 s a slow decrease like the 'flipping' in regime 2. 2D-SAXS pattern analysis (Fig. 14) shows 3 different species after the maximum in birefringence is observed: further increase of an already high amount of parallel orientation, a decrease (after 250 s) of an already lower amount of perpendicular orientation and a slow growth of transverse orientation. So in this case there is a quite different orientation behaviour from regime 1 of the diblock copolymer and it is not surprising that there is no γ -3 dependence of the birefringence, as shown in Fig. 15 . The effect of building up three different orientations with presumably different kinetics may not lead to a simple strain amplitude dependence. At the highest alignment frequency of 10 rad/s, the 1,3-birefringence (Fig. 16) shows a decrease at the beginning (transverse orientation) and returns back towards zero (parallel orientation), as it is known from the IS diblock copolymers at high frequencies (regime 3). Similar to the IS diblock copolymer this system shows with increasing strain amplitude an earlier 'flipping' to parallel orientation and a lesser build up of transverse orientation. Also no strain amplitude dependence on the time scale is observed for the fast process of alignment in regime 3.
However, 2D-SAXS pattern analysis (Fig. 17) confirms that even in the case of diminishing transverse orientation the parallel orientation is still the dominating one. From the very beginning it is growing stronger than the other orientations and for this reason cannot be solely the result of rotating previously transverse oriented domains.
Interesting is the observation of a perpendicular orientation at longer times (2D-SAXS pattern, Fig. 18 ) as a counterpart to the transverse orientation. Thus, three different orientations at longer times are present. When performing the experiments at 70°C the orientation behaviour is similar to that at 60°C for frequencies of 0.1 and 1 rad/s (not shown). There is no change in the maximum value of the birefringence at 0.1 rad/s, but for 1 rad/s the values are higher for the higher temperature. Also the γ-dependence is quite different because of the proximity of the OOT. However, at ω = 10 rad/s a different situation is encountered. At all strain amplitudes alignments lead via a quick increase to a decrease of birefringence. While for lower strain amplitudes the birefringence again increases at later times, it decays further for large strain amplitudes (Fig. 19) . This seems to be a similar phenomenon as observed by Chen et al. for a SI diblock copolymer in one case [14] . At the highest temperature used for the alignment experiments (80°C) only negative birefringence was observed at all frequencies and strain amplitudes. As an example, measurements at ω = 10 rad/s are shown in Fig. 20 . The values of the birefringence are close to the values observed for the solution of homopolystyrene in dioctyl phthalate in the homogeneous state [72] . At c. 80°C ISV+DOP undergoes an orderorder transition, i.e., the morphology most likely changes from lamellae to a spherical morphology, where the swollen short V block forms spheres in a swollen mixed corona of S and I. Due to its cubic symmetry a spherical morphology will not lead to form birefringence itself. Thus only segmental anisotropies should contribute to the birefringence and the dominating negative anisotropy of the polystyrene and poly(2-vinylpyridine) blocks may explain the observed values. The very fast relaxation of the birefringence after stopping the shear is a further indication of its intrinsic origin.
Conclusion
Comparison of the diluted IS with the diluted ISV block copolymer in the lamellar state shows no qualitative differences in the shape of the 1,3-birefringence data for the regimes 1, 2, and 3 but the 2D-SAXS data taken in two principal directions show important deviations of the alignment behaviour. Independent of the chosen strain amplitude and shear frequency, all LAOS experiments performed on lamellar structures lead to a dominating parallel orientation of the diluted lamellar ISV block copolymer at the chosen temperature. In the bulk state this block copolymer showed a perpendicular orientation, so it cannot be excluded that also the swollen system might show another alignment behaviour at lower temperatures. However, due to the too large torque, the swollen system could not be investigated at lower temperatures. The simultaneous occurrence and growth of more than one pronounced orientation in the triblock copolymer system indicates a competition between different factors controlling the orientation behaviour. At this point a comparison with theoretical predictions for diblock copolymers appears difficult. As mentioned before, theory predicts only a transition from parallel to perpendicular orientation with increasing shear frequencies or shear amplitudes for lamellar diblock copolymers. The systems presented here do not show any parallel orientation at low frequencies (regime 4), but always show a perpendicular orientation at the lowest chosen frequency (regime 1). The transition from perpendicular to parallel orientation at higher shear frequencies (strain amplitudes) has not been described by theory so far.
At higher temperatures a more complicated alignment behaviour was found, when an alignment behaviour like in regime 1 was observed after an initial alignment behaviour like in regime 2. This is a further indication of the more complex orientation behaviour of ABC triblock copolymers in comparison to AB diblock copolymers. The vanishing form birefringence at the OOT indicates that the morphology at higher temperatures does not show optical anisotropy, i.e. it cannot be a lamellar or cylindrical morphology.
To get further insight into the orientation behaviour during shearing, in situ 2D-SAXS (or SANS) measurements will be valuable. Also Fourier transform rheology may proof to be useful for the analysis of the time dependent mechanical response of block copolymers subjected to LAOS fields [73] . However, in this case a cone-plate geometry should be more suitable in order to have similar strains all over the sample.
